ABSTRACT: Morphological development of Laminaria hyperborea was examined at localities with different degrees of wave exposure. Biomass data were converted to estimates of annual growth of lamina, stipe and hapteron. Allocation of annual growth to the hapteron constituted a small amount of the total production, but increased with increasing wave exposure. At the most sheltered locality, lamina growth amounted to between 80 and 95% of total growth in all age groups, and lamina to stipe ratios (fresh weight) were about 10. A higher portion of the annual growth was allocated to the stipe at the more wave-exposed localities. This resulted in lamina to stipe ratios of between 1 and 2 in old plants, but within these localities no gradual decrease in lamina to stipe ratio with increasing wave exposure was observed. At some localities a maximum of growth allocation to the stipe was found in the intermediate age groups. This was most pronounced at the locality with the highest density of canopy plants and intermediate wave exposure. Also, at this locallty the stipes were longer in relation to their weight than at the other localities. These results indicate that light environment, in additlon to wave exposure, Inay influence the stipe morphology and the relationship between stipe and lamina growth. At one station stipe growth was also calculated in individual tagged plants using the lengthweight relationship. The results agreed with those obtained by the biomass method. The highest allocation of growth to the stipes was found in 3 and 4 yr old plants. Maximum annual stipe growth (weight increase) occurred in 4 and 5 yr old plants and decreased in older plants, while maximum lamina growth was found in the oldest plants.
INTRODUCTION
Morphological plasticity is common in macroalgae. Many kelp species have wide, thin lamina when growing in sheltered areas, and narrow, thick lamina at wave-exposed sites (Sundene 1964 , Norton et al. 1981 . The ability to adapt the shape of the thallus to the environment may be of functional and ecological significance for the algae.
Laminaria hyperborea (Gunn.) Fosl. is an example of a kelp in which morphology changes according to ' Present address: Department of Fisheries and Marine Biology. University of Bergen, Bergen High Technology Centre, N-5020 Bergen, Norway. E-mail: kjersti.sjoetun@ifm.uib.no wave exposure. At wave-exposed localities the most typical form of L. hyperborea develops; it has a digitated lamina and a long stipe. The fresh weight ratio between lamina and stipe is about 1:l in canopy plants (Kain 1971a) . The meristem activity in the lamina during the seasonal growth period is complicated (Kain 1976a) , and at wave-exposed sites it results in a fanshaped lamina which is split into many fingers (Kain 1971b) . In sheltered areas, the ratio between lamina and stipe fresh weight is much higher than at waveexposed sites, about 10:l (Kain 1971a) , and the lamina is entire or split into a few segments. The relationship between the 2 morphological forms of L. hyperborea was investigated by Svendsen & Kain (1971) .
Laminaria hyperborea can reach an age of more than 10 yr. The age varies among other things with latitude (Kain 19?lb, Sjotun et al. 1993) . Annual stipe and hapteron growth is retained on the plant, whereas the lamina is shed during spring when the new lamina appears. The stipe increases in length and thickness, and new hapteron branches are formed throughout the life span of the plant. Some aspects of the morphology change as the plants grow in size and age, and may be described in allometric terms. For instance, lengthto-weight ratio of stipes and the ratio between the weights of lamina and stipe change as plants age. Morphological changes may be related to both ontogenetic development and morphological adaptations to environmental conditions.
Laminaria hyperborea occurs in highest abundance in wave-exposed areas, where monospecific stands with densities of up to 40 kg fresh wt m-' can be found (Sivertsen 1991) . The canopy-forming plants can reduce the light penetration to the bottom by as much as 90% (Norton et al. 1977) , and the growth of understorey plants of L. hyperborea is therefore probably severely light-limited in dense stands. Growth of young kelp plants in a dense kelp forest constitutes an analogous example to seedlings in a forest on land. Among land plants light-limitation can result in growth responses, e.g. etiolation, but as for algae the possible existence of such responses has seldom been investigated.
We have examined several populations of Laminaria hyperborea in order to establish how growth in various parts of the thallus modifies the morphology of the plants as they grow older Estimates of growth in different parts of L. hyperborea have been obtained from biomass data. In addition, growth of individual stipes during one period of rapid growth was examined in tagged plants at one locality. The localities examined are situated at 60" and 65" N, within the range of latitudes which seem to provide optimum conditions for the development of L. hyperborea kelp forests (Kain 1971b) . In order to study how the morphological development is modified by the environment, the localities were chosen to represent a wide range of wave exposure. Also, the density of the populations studied was examined, in order to investigate whether growth in the different thallus parts of young plants was influenced by the density of the large, canopyforming plants Posslble adaptive significances of the observed phenotypic variation in L. hyperborea are discussed.
MATERIALS AND METHODS
Two localities in northern Norway (Stns 1 & 2) and 3 in western Norway (Stns 3 to 5) were examined (Fig. 1) . In both areas the localities are situated in an outer coastal archipelago and are no more than 15 km apart. The samples from Stns 1 & 2 were collected during 1991, and the samples from Stns 3 to 5 during 1992-1993.
Growth estimates using the biomass method. Samples of Laminaria hyperborea were collected in May and June at Stns 1 & 3 to 5 and in September at Stn 2. At all stations the samples were collected at a depth of 5 m (below chart datum) by scuba-diving. At Stn 1 an area of 14 m2 was sampled; at Stns 2 to 5, plants were collected from an area of 2 to 3 m2 The exact location of each sample was chosen by a diver who swam over the kelp forest and dropped a frame haphazardly, except at Stn 1 where an area of 14 adjoining 1 m2 quadrats was sampled. At the other stations, between 4 and 6 samples (each oP0.5 or 1 m2) were taken within a distance of 10 to 20 m, and are therefore considered to be representative for the local kelp population at each station. The samples from Stn 4 contained few smaIl plants, and a number of small plants were therefore collected in addition. These were not included in the analyses of size distribution.
The thallus of each plant was divided into lamina, stipe and hapteron and weighed after removal of epiphytes. Lamina and stipe lengths were measured for each plant. The age of the plants was determined according to Kain (1963) , by counting growth rings. At Stn 1 the sample contained a very large number of 1 yr old plants, and randomly chosen subsamples of these were measured and weighed.
Biomass data from each station were converted into estimates of biomass production as descnbed by Bellamy et al. (1973) .
Seasonal stipe growth calculated at one locality. Rellamy et al. (1973) estimated annual stipe and hapteron growth as the average welght differences between age groups. The method is valid on1.y if average stipe and hapteron growth in each age group shows no year-to-year variation at a locality. This may not be the case, and at Stn 4 an additional estimate of seasonal biomass production of the stipes was therefore made using a method based on the relationship between the length and weight of stipes.
At the beginning of February 1993, 140 plants were tagged at 5 m depth at Stn 4 Stipe lengths of these plants were measured, and vaned from 9 to 130 cm. In June 1993 a total of 91 plants were recollected and harvested. Each plant was divided into lamina, stipe and hapteron. Epiphytes were removed from the stipe; the hapteron, stipe and lamina were weighed; and the length of the stipe was measured and the age of each plant was determined.
Stipe weights were calculated using the equation describing the relationship between stipe length and fresh wt. A second-degree polynomial regression of log-log transformed values of stipe length and weight provlded the best fitted curve (with highest value of r2) for the tagged plants harvested from Stn 4 (n = 91, p = 0.0001, r2 = 0.98). The stipe weight of each tagged plant was calculated from length measurements, and stipe production was estimated as the difference between calculated stipe weight in February and June.
Wave exposure. Wave exposure was estimated according to a modified sector method developed by Baardseth (1970) . At each site the number of 10" sectors exposed to open sea was determined on a map. Each sector was assigned a relative wind force value wind (Beaufort) from a given direction (n = 1 to 12). Wind data from the weather station closest to each site were obtained from the Norwegian Meteorological Institute. The relative influence of the local topography, a fjord or the open sea, on the station, was reflected in the number of sectors containing open sea only at radii of 0.5, 7 and 100 km from the station (Oug et al. 1985) . One value of (e) was calculated for each radius, e,, e2 and e3 respectively. An estimated value of total wave exposure ( E ) was calculated from: (e) based on the mean force and frequency of wind E = [el +(10e2)+(100e3)]x10-' during the last 5 yr (Oug et al. 1985) . the wind data being given in 12 directions:
where e, is the relative wind force value for sectors of radius 0.5 km, e2 is the relative wind force value for tests were considered significant when p < 0.05 if
no different significance level is given.
Fig 2 Average stipe lengths and corresponding stipe weights in all a g e groups (age groups indicated by number); n = 3 to 112
RESULTS
Wave exposure was highest at Stn 3, while Stns 4 & 1 were slightly more sheltered (Table 1) . Stns 2 & 5 had no open sectors with radii 100 km, and may be characterized as semiexposed and sheltered, respectively.
Stipe and lamina characteristics. A curvilinear relationship between stipe length and weight was found at all stations (Fig. 2) . Linear regression lines could be fitted to log-transformed data from Stns 1 to 5 ( r = 0.93 to 0.99) The oldest plants (7 to 8 yr) at Stns 1 & 4 carried the largest stipes (average weight, 0.5 to 0.8 kg; length, 100 to 110 cm). At Stn 5 no plants older than 4 yr were found. S t~p e size varied very little between the 2 to 3 oldest age groups at each station (Fig. 2) .
The analysis of covariance on stipe weights gave significant differences of length-adjusted age groups between stations. The test for non parallelism between regression lines was not significant, but the interaction term was significant, showing that weight increases somewhat faster with age at some stations than others. From Fig. 2 it is evident that especially Stn 4 deviates from the other stations, in having longer stipes In relation to th.e weights. The laminae of plants older than 1 yr were digitated at all stations. At Stn 5 the ratio between lamina weight and stipe weight varied between 8.5 and 11.5 (Fig. 3) . At the other stations the ratio decreased from 8.5 to
AGE ( y r ) Fig. 3 . Average ratios between Iarn~na and stlpe fresh wt with 9.5'1;, confidence limits. Confidence llm~ts uhlch include zero dre not shown; n = 3 to 112 13 in 1 yr old plants to between 1 and 1.5 in plants older than 5 yr (Fig. 3) . At Stn 1 the ratio between lamina and stipe weight decreased less abruptly than at Stns 2 to 4 , and was higher in the 2 to 5 yr old plants at Stn 1 than at Stns 2 to 4 (Fig. 3 ).
There was a distinct canopy layer with high densities of plants with long stipes and low densities of intermediate-sized plants at Stns 2 & 4. Stn 4 had the highest density of plants in the canopy layer (Fig. 4) .
At Stns 1 & 3 the plants showed a general decrease in number with increasing stipe length, and the density of plants with long stipes was lower at Stn 1. At Stn 5 no plants with stipes longer than 40 cm were present.
Growth in different parts of the thallus: biomass method. The hapteron production constituted a low proportion of the total production (maximum 14 %) (Fig. 5 ) . Also, at each station the proportion of hapteron growth showed no pronounced variation with age. A significant relationship (linear regression, p = 0.0001, r 2 = 0.45) between the proportion of hapteron growth and estimated degree of wave exposure was found, with the highest allocation of growth to the haptera at the most wave-exposed statlons (Fig. G) .
Lamina production constituted more than 50 % of total production in most age classes at all stations (Fig. 5 ) . At Stn 5 lamina production was very high compared to that of other parts of the thallus, and amounted to between 80 and 95% of total growth in all age groups. The samples from Stns 2 & 4 (1993) did not contain any 1 yr old plants, but at Stns 3 & 4 (1992), the allocation of annual production to the lamina was highest in the youngest and oldest age groups (Fig. 5 ). At Stns 2 to 4 stipe production tended to reach a maximum (between 35 and 60%) in the intermediate age groups (Fig, 5) . This tendency was most pronounced at Stn 4, where peak stipe production amounted to between 50 and 60% of total production in 3 yr old plants. The high allocation of growth to the stipe in the intermediate age groups is not an artifact caused by reduced lamina biomasses, as lamina production (fresh wt) is shown to increase with increasing age up to about 7 yr old (Table 2) .
At Stn 4 the estimates of growth allocation derived from the 1992 and 1993 samples differed somewhat (Fig. 5) . However, the general trend was similar in both samples, Lamina growth accounted for more than 70% of total growth in plants more than 5 yr old in both years. In both samples, maximum allocation of total growth to the stipes was found in 3 yr old plants.
The hapteron and stipe weight of a plant represent accumulated growth during its life span. In 1 yr old plants, hapteron and stipe growth were about equal in terms of net biomass increase at all stations (Fig. 7) . Except at Stn 5 , where the ratio between hapteron and stipe weight remained between 0.65 and 1, there was a general decrease in the ratio with increasing age at all stations, resulting in a ratio between hapteron and stipe weight of between 0.15 and 0,55 in plants older than 3 yr (Fig. 7) . The decrease was most pronounced at Stn 4, where the ratio between hapteron and stipe weight decreased from about 1.5 in 1 yr old plants to about 0.4 in 2 yr old plants. At Stns 2 & 4 a slightly lower ratio was found in intermediate age groups than in the older plants.
Growth of lamina and stipe during one season. Average stipe growth from February to June was found to vary between 10 and 110 g fresh wt per plant WAVE EXPOSURE (â‚ 
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length-welght r e l a t~o n s h i p H Lamina product ion :: LOO- in the different age groups when calculated from length-weight relationships (Fig. 8) . The highest stipe growth was found in 4 and 5 yr old plants. Stipe growth in 4 yr old plants was significantly higher than in 6 to 8 yr old plants (Fig. 8) . Also when calculating stipe production by using the biomass method of Bellamy et al. (1973) , maximum values (150 to 200 g fresh wt per plant) in 4 and 5 yr old plants and lower stipe production in older plants were found (Fig. 8) . In plants more than 5 yr old, lamina growth accounted for nearly all net production according to both methods. Lamina growth increased with age until the plants were about 7 yr old, and in 7 to 9 yr old plants the maximum net growth per plant was about 800 g fresh wt according to both methods (Fig. 8) .
The proportion of total growth which took place in the stipe varied with the age of the plants (Fig. 9) . The proportion was highest in 3 and 4 yr old plants, in which average proportion of stipe growth amounted to about 25% of total growth, which was significantly higher than in 2 and 6 to 9 yr old plants (Fig. 9) .
DISCUSSION
Stipe growth calculated by 2 methods
According to both methods the stipe growth (in fresh wt) showed a peak in 4 to 5 yr old plants and was reduced in older plants at Stn 4 . Maximum allocation of growth to the stipe (in %) occurred in 3 to 4 yr old plants according to both methods. Because there were no 1 yr old plants among the tagged plants, it is not possible to compare the 2 methods with regard to stipe growth of the youngest plants.
Calculating stipe growth by using the length-weight relationships of individual stipes resulted in a lower stipe growth than the biomass method in 2 to 5 yr old plants. This lower growth may be because growth of individual stipes was calculated only during part of the year, and some stipe growth also seems to occur during summer (Gunnarsson 1991) . Only the biomass method includes stipe growth during the whole year. We therefore suggest that the biomass method gives the most adequate estimate of stipe growth.
Morphological changes related to environmental conditions
Plants at a depth of 5 m had probably grown under fairly similar light and temperature conditions, since both sets of stations were situated in open coastal areas and exposed to strong tidal currents. However, wave exposure at the localities varied considerably. Wave exposure is probably the factor which has most influence on the morphology of Laminaria hyperborea (Kain 1967 , Kain 1971a , Svendsen & Kain 1971 . Surge results in a back-and-forth streaming of the water near the bottom (Neushul 1972) . Strong currents may influence kelp morphology much in the same way as wave exposure does, but can also result in development of special morphological features (Norton 1969) . L. hyperborea develops a longer and more narrow lamina in a strong current than at wave-exposed sites (Kain 1971b) . The method of estimating wave exposure presented here does not take into account the effect of tidal currents or the possible influence of subtldal topography on wave movements. However, since there were no pronounced differences with regard to the current at the examined localities, we concluded that the differences in wave exposure was a more important factor for the plant morphology than minor differences in the tidal current. For the purpose of this study the method provided an adequate way of ranking the localities according to wave exposure.
In the Laminaria longicruns-saccharina group, a clinal differentiation of stipe morphology with increasing wave exposure was reported (Chapman 1973, Kain 197613) . When comparing a sheltered and a waveexposed populatlon, Chapman (1974) found a high genetic component in the interpopulation differentiation. Likewise, a genetic differentiation may exist between L. hyperborea from wave-exposed and sheltered sites. However, the wave-exposed forms of L. hyperborea have not been reported from sheltered areas, and the result of transplant experiments indicated that the morphological differentiation was a phenotypic response (Svendsen & Kain 197 1) .
At the most sheltered station of the present study the ratlo between lamina and stipe weight was slmilar to what Kain (1971a) found in Laminaria hyperborea f . cucullata. At the more wave-exposed localities a greater proportion of total growth took place in the stipe, resulting in decreasing lam~na to stipe ratios with age. However, when comparing the more wave-exposed localities no gradual decrease in lamina to stipe ratio with increasing wave exposure was found. Thus, lamina to stipe ratios intermediate between 10 (L. hyperborea f . cucullata) and 1 to 2 (L. hyperborea f . hyperborea) were not observed among the oldest plants. Kain (1971a) compared the kelp vegetation at several localities and found L. hyperborea f cucullata at a locality which seemed to be only slightly more sheltered than a site where the typical L. hyperborea grew. The change in morphology may be triggered by a relatively small difference in exposure, or other environmental factors in addition to wave exposure may influence lamina and stipe accretion.
Developing a large and thin blade is of adaptive significance for algae, by e.g. increasing the amount of photosynthetic tissue in relation to nonphotosynthetic tissue. However, in Laminaria hyperborea high production is associated with the wave-exposed morphology (Kain 19?7) , in contrast to L, longicruris (Gerard & Mann 1979) .
The results show that an increased allocation of growth to hapteron growth takes place when the plants are subjected to high wave exposure. This may be of adaptive significance in Laminaria hyperborea, because it will probably increase the chances of the plant surviving at wave-exposed sites. However, hapteron growth was not measured in individual plants, but calculated as the average weight difference between the haptera of one age group and the next. If plants with low hapteron growth are more susceptible to detachment at wave-exposed localities, hapteron growth would be overestimated.
Plants with exceptionally long stipes in relation to weight have been reported from some populations, and it has been suggested to be an 'etiolation' effect caused by reduced light levels (Bellamy & Whittick 1968) . However, Kain (1971a) found no indications of 'etiolation' in stipes growing in deep water and low light levels. In the present study a divergent stipe allometry was found at the station where the density of canopy plants was highest, and where light penetration will be reduced most (Stn 4 ) . The plants had comparatively long stlpes in relation to weight, which was probably due to thinner stipes at a given length at this station than at the others. Also, Holbrook et al. (1991) found that Postelsia palmaeformis in dense stands had thinner stipes in relation to length than was the case in isolated plants. This supports the suggestion that some aspect of the l~g h t environment may influence stipe morphology in kelps.
Morphological changes related to age
Since Laminaria hyperborea is perennial, the morphology of the plants can be modified throughout their llfe span. Higher allocation of growth to the stipes in plants that are more than 1 yr old leads to the formation of the 'typical' L. hyperborea morphology In 1 yr old plants, a high part of the total growth occurred as lamina growth at all sites. In a kelp forest, young Laminar~a hyperborea plants experience a different environment from older plants, especially with respect to light. The growth of understorey plants is probably light-limited in dense kelp forests (Kain 1 9 7 6~) .
The high allocation of growth to the lamina in the youngest plants means that much of the total growth was invested in photosynthetic tissue. This may be interpreted as an adaptive strategy for growth in a low-light environment. Hapteron growth in relation to stipe growth was also found to be high in the youngest plants. The results indicate that in juvenile plants, growth is primarily allocated to the development of photosynthetic tissue, and to tissue which anchors the plant to the substrate. This pattern of growth allocation in the youngest L. hyperborea may be an ontogenetic feature. One year old plants were probably subjected to more water movement at the most waveexposed locality than at the most sheltered locality, but showed the same pattern of growth allocation at both localities.
The highest allocation of growth to the stipe was found in the intermediate age groups (3 and 4 yr old plants) at the locality with the highest density of large plants and with intermediate wave exposure (Stn 4). The number of plants below the canopy layer was low, which suggests light-limited growth (Kain 1963 (Kain , 1977 . In contrast, at the station with the lowest density of large plants and intermediate wave exposure (Stn 1) plants of the intermediate age groups showed a comparatively low allocation of annual growth to the stipes. This indicates that light-limited growth results in allocation of growth to the stipe in plants older than 1 yr, and that the light environment in addition to the degree of wave exposure influence the stipe and lamina accretion in Laminana hyperborea. Increased allocation of growth to the stipe is not accompanied by increased hapteron growth, as 3 and 4 yr old plants at Stn 4 had a low hapteron to stipe ratio.
High allocation of annual growth to the stipe can be interpreted as a phenotypical response to environmental factors. A long and flexible stipe may be advantageous for Laminaria hyperborea at wave-exposed sites, by for example allowing the bulk of lamina to follow the waves to some degree. This will reduce the acceleration reaction force on the plants (Koehl 1986 ). Because the canopy-forming layer reduces the light available for the smaller plants, allocation of growth to the stipe in the subcanopy plants can be of adaptive significance In a species which forms dense monospecific stands. Maximum allocation of annual growth to the stipe was found in 3 and 4 yr old plants at Stn 4 , and by comparing Figs. 2 & 4 we see that the stipe growth in these 2 age groups brought the plants into the size classes of the canopy plants. In L. hyperborea the compensation point for photosynthesis shifts from about 1 to 2 pgcal c m 2 S-' in microscopic sporophytes (Kain 1969) to about 50 pgcal cm-2 S-' in new lamina of large plants (Luning 1971) . Small plants may grow in very low light levels, but require more light as they grow larger. Allocation of more growth to the stipe in a dense stand may increase the chances of small plants to reach improved light levels in the canopy layer.
Whereas the highest proportion of seasonal growth was distributed to the stipes in 3 and 4 yr old plants in a dense kelp forest, maximum biomass increase of the stipes was found in 4 and 5 yr old plants. Thus, after the plants have become part of the canopy layer, a period of high stipe growth precedes reduced stipe growth in older plants. The age at which maximum stipe growth takes place seems to vary in Laminaria hyperborea populations. In Iceland, Gunnarsson (1991) found that the period of rapid stipe growth started in 3 to 4 yr old plants and continued until the plants were about 10 to 11 yr old. Kain (1977) found that the age at which the plants reduced the stipe growth varied between 3 and 7 yr.
Reduced stipe growth of old plants can b e a growth response to the improved light environment in the upper canopy layer. Gendron (1989) observed reduced stipe growth in Laminaria longicruris in shallow water. Alternatively, the increased growth of epiphytes on the stipes of old plants may reduce their photosynthetic capacity and thereby stipe growth. However, translocation of photosynthetic products from lamina to stipe has been observed in L. hyperborea (Schmitz et al. 1972) , which indicates that stipe growth is not exclusively dependent on the stipe's own production. Liining (1970) suggests that the lamina supports stipe growth in older plants whose stipes are covered with epiphytes.
The stipes of the oldest age groups tended to be of similar size at the various localities. This is probably a result of both low stipe growth in the oldest plants and selective dislodgement of the largest plants by wave action.
